abstract BACKGROUND AND OBJECTIVE: An increasing number of children are born after assisted reproductive technology (ART), and monitoring their long-term health effects is of interest. This study compares cancer risk in children conceived by ART to that in children conceived without.
More than 5 million children worldwide have been conceived by assisted reproductive technology (ART), 1 and as these children advance into adulthood, monitoring their long-term health effects is important. Several studies have shown that children conceived by ART have increased risks of perinatal complications, 2 congenital malformations, [3] [4] [5] [6] and somatic morbidity. 7 Initial case reports of cancer risk in children born after ART concerned hepatoblastomas, 8 neuroectodermal tumors, 9 and malignant lymphomas. 10 It was hypothesized that development of these tumors was influenced by factors related to conception or pregnancy because they are embryonic in type and appear early in life. 11, 12 In addition, children conceived by ART may have an increased incidence of imprinting disorders, 13, 14 some of which also are associated with elevated cancer risks.
Several epidemiologic studies concerning fertility treatment and cancer in the offspring have also been conducted, but only 2 have been nationwide and population-based. 15, 16 A recent meta-analysis, including the first of the 2 studies and several other smaller investigations, found an elevated risk of cancer overall as well as increased risks of several specific cancer types in children conceived by ART, 17 in line with other studies reporting elevated risks of overall cancer. 15, 16 Specifically, some researchers have found increased risks of leukemia, 16, 18, 19 central nervous system (CNS) tumors, 20 hepatoblastomas, 21 retinoblastomas, 22 and neuroblastomas. 23 On the other hand, many studies fail to detect an association between ART treatment and childhood cancer risk. [24] [25] [26] [27] Because childhood cancer is rare, many of the mentioned studies are restricted by few cancer cases. Furthermore, because the use of ART is increasing, many studies are limited by short follow-up time because the majority of children conceived by ART have been born in recent years.
The aim of the current study was to compare cancer risk in children conceived by ART to those conceived without ART, by using a cohort comprising all children born in Norway between 1984 and 2011. The study assessed risk of overall cancer and of specific types of childhood cancer as classified by the International Classification of Childhood Cancer (ICCC), including leukemias and myeloproliferative diseases, lymphomas, CNS neoplasms, neuroblastomas, retinoblastomas, renal tumors, hepatic tumors, malignant bone tumors, soft tissue tumors, and germ cell tumors.
METHODS

Study Subjects
The study included all children born in Norway between January 1, 1984, and December 31, 2011. This time period was chosen because 1984 was the first year a child was born after conception by ART in Norway. Cancer risk during childhood and adolescence in ART-conceived individuals was compared with the risk in those conceived without ART.
Setting
Data on all study subjects were extracted from the Medical Birth Registry of Norway (MBRN). As mandated by Norwegian Legislation, all deliveries in Norway have been registered in the MBRN since 1967, and it comprises information on parental demographics, maternal pregnancy and health, the delivery and postpartum period, and infant perinatal health. As of 1984, all pregnancies initiated by ART have been registered in the MBRN, and by 1988, this registration also became mandatory by Norwegian Legislation.
A unique 11-digit personal identification number (PID) is assigned to all Norwegian inhabitants. The PID provides information on the status (alive at present, dead, emigrated, or missing, as well as the date these events occurred) from theNationalRegistryfor all study subjects.
The PID also enabled linkage with the Cancer Registry of Norway (CRN), which was established in 1952 and contains information on all persons diagnosed with cancer since 1953. The reporting of information on all cancer diagnoses of individuals living in Norway is also mandatory by Norwegian Legislation. Cancer data are reported from several independent sources, which ensures high completeness and validity. 28 
Follow-up
Study subjects were followed from their date of birth to their first cancer, death, emigration, or December 31, 2011, whichever occurred first. When a study subject had ≥2 cancers of different types, each cancer case was counted separately, once for each diagnostic group. In the analyses of overall cancer, only the first cancer for each individual was counted.
At the time of linkage of the data, the latest complete update of the cancer data was December 31, 2011.
Exposure
ART is defined as "all treatments or procedures that include the in vitro handling of human oocytes and sperm or embryos for the purpose of establishing a pregnancy." 29 In addition to keeping record of all pregnancies initiated by any ART, the MBRN also contains information on which type of ART was used (conventional in vitro fertilization [IVF] , intracytoplasmic sperm injection [ICSI] , or other forms of treatment [frozen embryo replacement or ART abroad]).
All individuals registered in the MBRN as having been conceived by ART are classified as ART-conceived children, and all those without a registered ART conception as unexposed to ART.
Outcomes
Cancer data for all study subjects were obtained by linkage to the CRN. Cancer diagnoses were classified according to the third version of the ICCC. 30 
Statistical Analyses
Cox proportional hazards models were used to compute hazard ratios (HRs) and 95% confidence intervals (CIs) for risk of cancer in children conceived by ART compared with those not conceived by ART. The age of study subjects was used as the time scale. The proportional hazards assumption was met for all but 2 of 11 analytic groups (neuroblastoma, IV; other cancers, IIIe and IIIf). A nonparametric model was used to assess these 2 cancer types, and results were similar. Therefore, the simplest model was applied where proportionality was assumed throughout.
Stratified analyses by method of ART (IVF, ICSI, or other), gender, and maternal age (>30 years versus <30 years) were made for overall cancer risk, leukemia, lymphoma, and CNS tumors.
Estimates for Burkitt lymphoma, malignant bone tumors, and germ cell tumors were not possible because there were no cases in the ART group, and these were therefore omitted from the analyses. The same was done for estimates for 2 subgroups of CNS tumors: ependymoma (IIIa) and other CNS tumors (IIIe). P values <.05 were considered statistically significant.
Confounder Adjustment
To establish a priori which covariates were potential confounders and which were to be considered intermediates, a directed acyclic graph was constructed using available literature (Fig 1) . Two statistical models were constructed. The first, Model I, included variables that were considered confounders: calendar year at follow-up (categorized as 1983-1992, 1993-2002, 2003-2011) and region of residence (Southeast, Southwest, West, Middle, North, and the capital of Oslo separately) were included because they may influence both cancer incidence as well as likeliness of having been conceived by ART. Maternal age has been demonstrated to influence cancer risk in offspring 31, 32 and is also associated with ART, 33 and so was also classified as a confounder (categorized: <25 years, 25-29 years, 30-35 years, and >35 years). Birth order has been shown to be associated with childhood malignancies (particularly low birth order with leukemias), [34] [35] [36] and children conceived by ART are more likely to be first order, so birth order was included in Model I as a confounder (categorized: 1, 2, 3, and ≥4). Results from Model I are shown in Supplemental Table 4 .
Gestational age and birth weight were included in Model II because both have been shown to be associated with risk of childhood cancer, and children conceived by ART are known to have lower gestational age and birth weight than those not conceived by ART. [37] [38] [39] These two were therefore considered intermediate factors and included in the second model, Model II (gestational length categorized as <24, 25-29, 30-34, and ≥35 weeks and birth weight categorized as <2900 g, 2900-4100 g, and >4100 g). Risk of certain cancers is different among males and females, and therefore gender was included as a covariate in Model II. 40 No literature was found that could support an association between being born as a twin or higher-order multiple birth and childhood cancer, and it was therefore not included in the final model.
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FIGURE 1
A directed acyclic graph showing confounding and mediating factors in the current study associated with ART and childhood cancer. Covariates in red indicate that they have been classifi ed as confounding factors; covariates in blue have been classifi ed as intermediate factors.
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The Committee for Medical and Health Research Ethics, South Eastern Health Region of Norway, approved the study.
RESULTS
During the observational period, 1 631 343 children were born in Norway, of which 1 628 658 were eligible for study, with the remaining 2685 excluded because of missing data on either status or status date in theNational Registry. In the ART group (n = 25 782), there were 51 cancer cases among 49 study subjects. In the non-ART group (n = 1 602 876), there were 4503 cancer cases among 4414 study subjects (Fig 2) . The total follow-up time was 205 529 person-years for the ART group (median 6.9, range 0-27 years) and 21 807 108 for the non-ART group (median 13.7, range 0-28 years; Table 1 ).
More than 50% of children conceived by ART were born between 2004 and 2011, whereas the birth dates of children not conceived by ART were evenly distributed over the 3 time periods 1984-1993, 1994-2003, and 2004-2011 (Table 1) . Children conceived by ART had lower median birth weight (3220 g) and gestational age (39 weeks) than those who were not conceived by ART (3550 g and 40 weeks; Table 1 ). Children conceived by ART had older mothers and were more frequently first-order siblings (Table 1) . Of the children conceived by ART, 15 170 were a result of conventional IVF, 7798 of ICSI, and 188 of others treatments; 2626 had missing data on ART method. In children with cancer, median age at diagnosis was 3.2 years (range 0-19.2) for children conceived by ART and 8.8 years (range 0-26.4) for those not conceived by ART (Table  1) .
ART children made up an increasing proportion of all annual births and use of ICSI increased during the last decade of the study period (Fig 3A) . Children conceived by ART were more often multiples (33% ART children and 3% non-ART children; Fig 3B) . Differences in gestational weight and age appeared to lessen throughout the study period, although no significant trends were observed (Fig 3 C and D) .
The most common cancers were leukemias (33% of all cancers in the ART group and 23% in the non-ART group) and CNS cancers (24% and 23%, respectively; Table 2 ). Soft tissue tumors were the third most frequent cancer in children conceived by ART (10%), out of which 3 were rhabdomyosarcomas (data not shown). Seven percent (308) of the cancers in the non-ART group were soft tissue tumors (92 rhabdomyosarcomas). Lymphomas were the fourth most common cancer in the ART group, comprising8% of the total tumors, and the third most common cancer in the non-ART group (10%; 
FIGURE 2
Description of the establishment of the study cohort. Children conceived by ART are those registered as conceived by ART in the MBRN; children not conceived by ART are those without a registered ART conception in the MBRN.
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For other cancers, no difference was found between children who were conceived by ART and those who were not (Table 3 ).
In analyses stratified by ART method, gender, and maternal age, no significant differences between the groups were detected (data not shown).
DISCUSSION
In this population-based study, we have examined cancer risk during childhood and adolescence in individuals conceived by ART compared with those not conceived by ART. Risk of overall cancer was not elevated, but a significantly increased risk of leukemia was seen in children conceived by ART. Furthermore, subgroup analyses indicated significantly elevated risks of AML and Hodgkin's lymphoma.
Overall Cancer
The present finding of no increase in risk of overall cancer in children conceived by ART is in line with recent studies, including a Danish study assessing the association between fertility hormones and childhood cancer, 18 a large British study, 41 a Nordic collaborative study, 20 and a study using data from the Danish infertility cohort. 25 Earlier, smaller cohort studies also demonstrated no elevated risk of overall cancer. 24, 27, [42] [43] [44] [45] On the other hand, 1 large population-based study from Sweden comprising 26 692 children born after ART found a 42% risk increase for overall cancer in children conceived by ART. 15 Although most studies report no risk increase, a recent metaanalysis from 2014 (based on 10 studies) concluded that there was an association between risk of overall cancer and fertility treatment. 17 
Hematological Cancers
We discovered an elevated risk of leukemia in children conceived by ART compared with those conceived without ART. The finding is consistent with the mentioned metaanalysis, 17 as well as the 2 largest cohort studies to date, from Sweden 15 and Denmark. 18 The Swedish study reported increased numbers of hematologic cancers in a cohort of 26 692 children born after ART (18 observed vs 12.3 expected cases), and the Danish study demonstrated an elevated risk of leukemia (HR 4.96) in children whose mothers were treated with progesterone. Furthermore, 3 case-control studies 4, 19, 46 reported an elevated risk of hematologic cancers among children conceived by ART. On the other hand, several studies report no increased risk of leukemia in children conceived by ART. 20, 25, 26, 41 We discovered an elevated risk of AML, although this estimate was based on few cancer cases and must therefore be interpreted with caution. Other researchers have found elevated risks of ALL, a much more common tumor histology in young children. 4, 19 Studies have assessed the possibility of an association between ART treatment and lymphoma, but no risk increase in children conceived by ART has been found, 15, 18, 20, 25, 41 in line with our findings. Our observed increased risk of Hodgkin's lymphoma should be interpreted with caution because it was based on few cases and has not been described previously.
CNS Cancer
No elevated risk of CNS cancer was found in our study, in line with a large British study based on a cohort of 106 013 ART-conceived children in the United Kingdom. 41 In line with this, a recent meta-analysis that reported an elevated risk of CNS/neural tumors after medically assisted reproduction found no risk increase once CNS tumors were assessed separately from neural tumors. 17 However, a Nordic study found an increase in risk of CNS tumors after ART (HR 1.44, 95% CI 1.01-2.05), based on 42 cases in the ART group. 20 The current study (with only 12 cases of CNS tumors in the ART group) is underpowered to rule out such an increased risk. 
Other Cancers
In contrast to 4 case-control studies, 22, [47] [48] [49] we found no increase in risk of retinoblastoma in children conceived by ART. There was only 1 retinoblastoma case in the ART group, but this is consistent with an incidence rate of 0.9 and 0 per 100 000 person-years in the age groups 0 to 4 and 5 to 9 years, respectively. 50 Contrary to previous studies, 21,41,51,52 we did not find any evidence of increased risks of hepatoblastomas or rhabdomyosarcomas.
Etiology of Childhood Cancers
Few known risk factors exist regarding childhood cancer, although there is some evidence that risks may increase after exposure to ionizing radiation [53] [54] [55] or diethylstilbestrol. 56 Some demographic factors (race, parental occupation, and socioeconomic status) 57 and certain parental risk factors (such as advanced parental age) have also been implicated, especially for cancers that arise early in childhood. 31, 58 A casecontrol study from the Netherlands found that mothers of children with leukemia were more likely to report "problems with fertility." 59 Hargreave et al found elevated cancer risk in children born to mothers who were infertile and also found an increase in risk associated with progesterone use for infertility. 18 Thus, it is difficult to disentangle whether it is the ART treatment, parental infertility, or both that are contributing to observed associations, as also discussed by Hargreave and colleagues.
Strengths and Limitations
The study has a number of strengths, including the fact that we were able to use an entire population of individuals born in 1 country to compare risks between those conceived by ART and those who were not. This, in addition to including all children conceived by ART since the first ART infant was born in Norway, means that the study is larger than most studies previously performed on this topic. The CRN has a high ascertainment of cancers, which enabled complete cancer data and negligible losses to follow-up. The use of a registrybased design allowed for unbiased collection of data about exposure, reducing the possibility of recall bias. Through the MBRN, we were able to obtain data on maternal age and could adjust for this, which is important given that advanced maternal age has been associated with the development of childhood cancers. 31 The method of ART used is indicative of the kind of infertility the couple suffers; when male factor infertility is identified, a couple is often selected for ICSI. We were able to look at risk in children conceived by conventional IVF as well as those conceived by IVF with ICSI, which was a strength of our study, although no differences between these 2 groups were detected. Imprinting disorders have been associated with both ART 13, 60 and certain cancers (such as hepatoblastoma and kidney tumors in Beckwith-Wiedemann patients) 61 and may in the current study be mediating some of the observed effects, which unfortunately could not be measured. Indeed, a study using data from Norway and Sweden found elevated risk of cancer in children with congenital malformations, and the authors suggested that "cancer may be a complication of some birth defects." 62 If parental genetics leads to a couple's infertility or congenital disorders in the offspring, then maternal and/or paternal genetics would represent a possible confounder that we were unable to account for in our study. Furthermore, although we were able to adjust for maternal age, we could not adjust for the paternal age. As discussed, the current study does not allow for distinction of whether an elevated cancer risk in ART offspring is associated with parental infertility or the processes involved in ART. The by guest on April 12, 2017 Downloaded from use of registry-based data poses a risk of misclassification bias because some children may have been conceived by ART but not registered as ART children in the MBRN. This limitation must be kept in mind because such misclassification is likely nondifferential concerning cancer outcome and may bias the estimates toward the null. Because the ART group is still young, the study may be underpowered to evaluate the risk of cancers arising later in childhood and adolescence. Children conceived by ART in the current study are younger and have shorter follow-up time than the children not conceived by ART, and because leukemia is more common in younger children, it is consequently the most frequent cancer in the ART group. Therefore, as children conceived by ART successively grow older, attention should also be paid to cancers with peak ages above the first few years of life.
CONCLUSIONS
The findings in this study, although reassuring for overall cancer, are indicative of an elevated risk of hematologic cancers in children conceived by ART. We observed not only an increased risk of leukemia, but also of Hodgkin's lymphoma.
These findings are in line with most previous studies showing no elevated risk of overall cancer among ART-conceived children but possible increases for certain cancer types. The most frequently noted increases have been hematologic cancers, although other cancers have been highlighted. Keeping in mind that the absolute risk of childhood cancer is low, it must be noted that the 60% increase found in this investigation is a significant increase. Because the children conceived by ART in this cohort are still young, continued observation should be pursued.
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